Thyroid hormone (TH) plays a key role in regulating body temperature in mammals. Cold exposure stimulates the hypothalamus-pituitary-thyroid (HPT) axis at the hypothalamic level by activating hypophysiotropic thyrotropin-releasing hormone (TRH)-producing neurons, ultimately resulting in increased plasma TH concentrations. Importantly, the local TH metabolism within various cold-responsive organs enables tissue-specific action of TH on heat production and adaption to cold independently of the circulating TH levels. In addition to these neuroendocrine effects, TRH neurons in the hypothalamus also have neural connections with brown adipose tissue (BAT), probably contributing to regulation of thermogenesis by the autonomic nervous system. Recent studies have demonstrated that intrahypothalamic TH has profound metabolic effects on BAT, the liver, and the heart that are mediated via the autonomic nervous system. These effects originate in various hypothalamic nuclei, including the paraventricular nucleus (PVN), the ventromedial nucleus, and recently reported neurons in the anterior hypothalamic area, indicating a potential central function for TH on thermoregulation. Finally, although robust stimulation of the thermogenic program in BAT was shown upon TH administration in the ventromedial hypothalamus, the physiological relevance of these neurally mediated effects of TH is unclear at present. This review provides an overview of studies reporting the role of TH in cold defense, with a focus on recent literature evidencing the centrally mediated effects of TRH and TH.
Introduction
Thyroid hormone (TH) has been known to be crucially involved in thermoregulation for many decades. Hypothyroid patients or experimental animals with low TH levels have a decreased metabolic rate and an im-paired cold tolerance. Conversely, an excess of TH induces increased metabolic rate and heat production [1] [2] [3] . Circulating TH levels are maintained within a narrow physiological range as a result of a negative feedback action in the context of the hypothalamus-pituitary-thyroid (HPT) axis [4, 5] . The thyroid gland produces thyroxine (T4) and, to a lesser extent, the biologically active TH 3,3′,5-triiodothyronine (T3). Of note, in many tissues, T4 is converted into T3 by the enzyme type 2 deiodinase (D2), but T4 and T3 can also be inactivated by the enzyme type 3 deiodinase (D3) [6] . The relative contribution of these enzymes enables a local regulation of T3 availability which is to a certain extent independent of the circulating TH concentrations [6, 7] . This has been shown to be of physiological importance during specific environmental conditions such as illness [8] , fasting [9] , and cold exposure [10] . Cold exposure significantly activates the HPT axis, with increased thyrotropin-releasing hormone (TRH) synthesis, thyroid-stimulating hormone (TSH) release, and serum TH concentrations together coordinating an increase in thermogenesis and cold adaption. However, only little is known about the mechanisms that regulate cold-induced thermogenesis in the context of TH and TRH. Recent studies have advanced our understanding of TRH-and TH-mediated regulation of the metabolism critically involved in cold defense, including liver glucose and lipid production, brown adipose tissue (BAT) thermogenesis, and browning of white adipose tissue (WAT) as well as vasomotorcontrolled heat dissipation. A significant part of these studies indicates that TH regulates energy metabolism by its effects within the hypothalamus. A number of hypothalamic nuclei including the paraventricular nucleus (PVN), the ventromedial nucleus, the preoptic area (POA), and the arcuate nucleus (ARC) have been shown to mediate the intrahypothalamic effects of T3 on a variety of key metabolic functions [11] . Of note, a subpopulation of neurons in the anterior hypothalamic area relies on T3 signaling via TH receptor (TR) α during development for proper neural regulation of cardiovascular function in adulthood [11, 12] . Moreover, subsets of TRH neurons within the PVN are responsible for dynamic HPT axis set point regulation, and they also contribute to neural control of feeding, locomotor activity, and body temperature [13] . Therefore, both hypothalamic TRH and TH are essential for energy balance and maintenance of homeostasis upon cold exposure.
Effects of Cold Exposure on the HPT Axis
Cold exposure activates the HPT axis at different levels. Cold exposure induces a marked increase in TRH expression in the PVN and stimulates its release to the median eminence (ME) [14] [15] [16] . The TRH neurons involved in HPT axis regulation are the so-called hypophysiotropic TRH neurons, which are groups of parvocellular neurons located in the medial and periventricular portions of the hypothalamic PVN [13] . In humans, the distribution of TRH neurons is mainly restricted to the dorsocaudal portion of the nucleus [17] . Axons from hypophysiotropic TRH neurons project to the hypothalamic ME, where TRH is released into the portal system, thereby reaching the anterior pituitary. TRH stimulates pituitary thyrotrophs to secrete TSH which in turn stimulates T3 and T4 production and secretion by the thyroid gland [4] . However, the cold-induced increase in TRH synthesis and TH levels in the circulation is transient and short-lived, as TRH mRNA expression is increased in the PVN already within 1 h after the start of cold exposure; it returns to control levels after 2 h, while the circulating T3 levels peak after 2 h and then start to return to control values [15] . This short timeframe is in line with our recent observations in healthy men [18] . Thus, the increase in hypothalamic TRH within the PVN and circulating TH levels is very likely to contribute to the initiation of the thermogenic response. Interestingly, cold activates not only the hypophysiotropic TRH neurons that stimulate anterior pituitary TSH release but also the nonhypophysiotropic TRH neurons in the PVN [19, 20] . These nonhypophysiotropic TRH neurons project to various brain areas, exerting separate and diverse actions on energy homeostasis and BAT thermogenesis as described later on [13, 21] .
Effects of TH on Adaptive Thermogenesis and Heat Conservation
Homoeothermic animals have developed precise thermogenic mechanisms to keep a steady body temperature in the face of generally colder environmental habitats, including physiological and behavioral responses to generate or preserve heat. TH affects both obligatory thermogenesis, the involuntary thermogenic process due to basal metabolic activity, and adaptive thermogenesis that refers to additional heat production when obligatory thermogenesis is insufficient. As a master regulator of energy metabolism, TH is involved in all of the above Eur Thyroid J 2018;7:279-288 DOI: 10.1159/000493976 mechanisms for cold defense. TH increases obligatory thermogenesis by boosting the basal metabolic rate, and it is also required for adaptive thermogenesis in thermogenic organs including BAT (though it is not sufficient by itself), WAT, and skeletal muscle [22] .
The primary organ for adaptive thermogenesis in rodents is BAT, a specialized adipose tissue capable of heat production [23] . The significant effect of TH directly on BAT thermogenesis has been extensively demonstrated [for review, see 22, 24] . Pioneer studies by Silva and Larsen [25] first indicated that sympathetic activation of BAT by cold exposure increases D2 activity in BAT, resulting in an increase in local T3 concentrations independently of the circulating TH [10, 26, 27] . In line with this, D2 knockout mice display impaired BAT thermogenesis and hypothermia upon cold exposure [26, 28] . Synergistically with adrenergic signaling, increased T3 further accelerates transcriptional induction of genes essential for lipogenesis, mitochondrial biogenesis and thermogenesis, including uncoupling protein 1 (Ucp1) [27, 29] . UCP1 is a protein expressed in BAT that increases proton leakage during electron transport, thereby shifting energy oxidation from ATP production to the release of heat [30] . Although T3 increases Ucp1 expression through TRβ, both types of TR are required for the full program of BAT thermogenesis [31] . Additionally, a recent study indicated that adipocyte fatty acid-binding protein (A-FABP) is involved in cold-and TH-induced BAT thermogenesis [32] .
In addition to BAT, emerging evidence also indicates a substantial role of white or beige adipose tissue in coldand TH-stimulated thermogenesis [24] . T3 treatment in human white adipocytes resulted in increased mitochondrial biogenesis and oxygen consumption rates as well as Ucp1 expression independently of TRβ [33] . TR activation by GC-1, a TRβ-specific agonist, induced browning of WAT and increased thermogenesis in subcutaneous WAT independently of BAT both in vitro and in vivo [34] . Interestingly, intracerebroventricular (ICV) or ventromedial hypothalamus (VMH)-specific administration of T3 increased brightening/beiging of WAT [35] , suggesting central control of TH on WAT thermogenesis. Studies in LXR-α/LXR-β-deficient mice revealed increased Ucp1 expression in subcutaneous WAT, which resulted from activation of TRH neurons in the PVN, stimulating secretion of TSH and thereby increasing circulating TH concentrations [36, 37] . Together these studies indicate an important role for TH regulation of WAT thermogenesis during cold exposure. However, another recent study paradoxically showed that both hyperthyroidism and hypothyroidism increased WAT browning in mice [38] . Since the hypothyroid mice showed reduced BAT activity, the authors hypothesized compensatory WAT browning in response to decreased heat production due to BAT inactivity, as suggested previously by others [39] .
Similar to regulation of BAT and WAT thermogenesis, TH is critical for an optimal thermogenic response in skeletal muscle. Heat production is higher in euthyroid skeletal muscle compared to hypothyroid muscle. T3 induced production of UCP3, which is the isoform of uncoupling protein primarily expressed in skeletal muscle, is associated with an increased energy expenditure in skeletal muscle [40] . Nevertheless, T3 treatment did increase the resting metabolic rate in Ucp3 knockout mice similarly to wild type mice, suggesting that additional pathways, including the sarcoplasmic reticulum Ca 2+ -ATPase (SERCA1) uncoupling mechanism [41] , may be involved in TH-induced skeletal muscle thermogenesis [42] .
Cold also triggers a reduced rate of heat exchange between the skin and the environment by decreasing the skin blood flow via cutaneous vasoconstriction [43] . The effects of vasomotion on thermoregulation during cold are prominent and also tightly regulated by TH. Mice with a heterozygous mutation in TRα exhibited impaired tail vasoconstriction resulting in a lower nocturnal body temperature despite compensatory BAT hyperactivity. This defective tail heat dissipation was restored after T3 treatment, indicating a key role of TH in heat preservation by tail vasoconstriction [44] . A schematic representation of TH regulated thermoregulation is shown in Figure 1 .
Effects of TRH on BAT Thermogenesis
Hypothalamic TRH Controls BAT Thermogenesis TRH in the PVN is best known for its regulation of the HPT axis set point, thereby affecting thermoregulation and energy metabolism. However, the nonhypophysiotropic TRH neurons also play a key role in thermoregulation through their projections to other brain areas. ICV administration of TRH to Syrian hamsters was shown to increase the BAT activity and core temperature without affecting circulating TH levels. These effects were attenuated by sympathetic denervation of BAT [45] , indicating a central effect mediated via the sympathetic nervous system (SNS). In addition, a number of studies have shown that TRH injections into the 282 DOI: 10.1159/000493976 POA, a well-recognized primary site for thermoregulation, cause hyperthermia in rats [46, 47] . It has been demonstrated that TRH inhibits heat-sensitive neurons and activates cold-sensitive neurons in the POA [48] , a mechanism resulting in increased heat production and conservation. However, ablation of the POA did not block TRH antagonism of pentobarbital-induced hypothermia, suggesting that sites other than the POA may also mediate the thermogenic effect of TRH [49] . Indeed, TRH injections directly into other distinct hypothalamic areas including the dorsal medial hypothalamus and the VMH have also been shown to induce hyperthermia [45] . Interestingly, within the hypothalamus, short-term cold exposure activates TRH neurons exclusively in the PVN [16] , including both hypophysiotropic and nonhypophysiotropic TRH neurons [14, 50] . Moreover, the PVN is one of the hypothalamic regions containing second-order neurons to be infected after pseudorabies virus retrograde tracing from interscapular BAT, representing a neuroanatomical substrate for hypothalamic modulation of BAT function [51, 52] . Therefore, in addition to hypophysiotropic TRH neurons involved in the endocrine response via the HPT axis, also nonhypophysiotropic TRH neurons in the PVN probably contribute to the cold response via an autonomic relay. The concept that TRH release in the PVN plays an important role in control of thermogenesis and energy mobilization during cold exposure was supported by recent observations in rats exposed to either cold or TRH microdialysis in the PVN for 2 h [21] . Cold exposure increased body temperature, locomotor activity, and plasma corticosterone concentrations, while blood glucose concentrations remained unchanged. TRH administration in the PVN also promptly increased body temperature, locomotor activity, and plasma corticosterone concentrations. In addition, TRH administration in the PVN increased blood glucose concentrations and endogenous glucose production (EGP). Further examination showed increased gluconeogenesis in the liver and lipolysis in BAT, both after cold exposure and after TRH administration. Thus, TRH administration in the PVN largely mimicked the metabolic and behavioral changes induced by cold exposure, indicating a potential link between TRH release in the PVN and cold defense [21] .
Systemic TRH Administration Activates BAT in Humans
The involvement of TRH in the cold response is also indicated by the fact that TRH knockout mice showed cold intolerance, which could not be corrected with TH supplementation [9, 36, 53] . A recent study by Heinen et al. [18] evaluated the effect of an intravenous bolus injection of TRH on BAT thermogenesis in humans in a randomized controlled trial using 18 F-FDG PET. They showed that some, but not all, healthy volunteers who were preexposed to mild cold displayed a clear increase in 18 F-FDG uptake in BAT after TRH administration compared to placebo. This increase in 18 F-FDG uptake was not paralleled by any changes in plasma TH. The exact mechanism of BAT activation induced by systemic TRH is still unknown; however, evidence from animal studies suggests a central effect of TRH acting through the hypothalamus [45, 46] .
Systemic Effects of Intrahypothalamic TH
The thermoregulatory system in mammals engages coordination of various physiologic responses upon cold exposure, including energy mobilization and heat production and preservation. Although TH have major effects on energy metabolism and thermoregulation by directly acting on peripheral organs such as adipose tissue and muscle, an increasing number of studies have demonstrated neural effects of TH acting within the hypothalamus. The hypothalamus contains a number of nuclei containing anatomically and functionally clustered neurons that sense and integrate metabolic information from the body. Some of these nuclei project to hypothalamic preautonomic motor neurons, enabling a fast response via an autonomic outflow to peripheral organs [54] . TH receptors, transporters, and deiodinases are widely expressed in the hypothalamus, providing a substrate for TH to regulate the energy metabolism via intrahypothalamic effects [55] [56] [57] .
T3 in the PVN Controls Glucose Metabolism
Increased energy expenditure during cold is accompanied by increased glucose and fatty acid oxidation. Thyrotoxicosis is known to increase hepatic glucose production (EGP) as well as lipolysis and proteolysis, thereby providing substrates required for the concomitant increase in energy expenditure [58, 59] . Intriguingly, thyrotoxicosis has also been associated with increased activity of the SNS [60] . Earlier studies from our lab demonstrated that stimulation of EGP by thyrotoxicosis was mediated in part via the SNS, as selective hepatic sympathetic denervation diminished the increase in EGP induced by thyrotoxicosis [61] . These neurally mediated DOI: 10.1159/000493976 effects of T3 on glucose were shown to be mediated by the hypothalamus. Local administration of T3 via microdialysis in the PVN increased plasma glucose as well as EGP without affecting circulating T3 levels. Selective hepatic sympathectomy prevented these effects, indicating that intrahypothalamic T3 regulates hepatic glucose production via a sympathetic pathway from the PVN [62, 63] . It is unknown at present whether this pathway is stimulated simultaneously with a cold challenge. Although the metabolic consequences of high SNS activity and high TH show considerable overlap, which may lead to the conclusion that these systems interact, this is not always the case [64] . Bachman et al. [64] showed that T3 treatment can correct the reduced heart rate and metabolic rate in β-adrenergic receptor-deficient mice, showing that there are SNS-independent routes for TH regulation of metabolism.
T3 in the VMH Controls BAT Thermogenesis and Liver Lipogenesis
There is increasing interest in the relationship between intrahypothalamic T3, increased sympathetic tone, and BAT activation. The first indication of a close correlation between T3 and sympathetic signaling to BAT came from mice with a mutant TRα1 which showed increased sympathetic activity and a hypermetabolic phenotype. Functional blockade of sympathetic signaling normalized BAT thermogenesis in these mice, suggesting a sympathetic regulation of BAT activation by TH [65] . This hypothesis was confirmed and elegantly expanded by subsequent studies from López et al. [66] . They showed increased SNS activity and increased thermogenic markers in BAT after administration of T3 in the VMH. The T3-induced sympathetic activation of BAT was further shown to be mediated by de novo lipogenesis and inactivation of AMP-activated protein kinase in the VMH. These effects were reversed by pharmacological blockade of β 3 -adrenergic signaling [66] . A recent study by this group showed that 2 distinct signaling pathways downstream of AMP-activated protein kinase in the VMH regulate lipid metabolism in BAT and the liver, respectively. ICV T3 administration increased the lipogenic pathway in the liver via the parasympathetic nervous system while increasing the thermogenic program in BAT via the SNS [67] . Another observation in mice with a deficiency of the T3 inactivating enzyme D3 revealed a reduced body weight accompanied by smaller adipocyte sizes in WAT and BAT but unaltered Ucp1 mRNA expression. It has been proposed that the hypermetabolic phenotype is secondary to increased TH action in the hypothalamus despite lower circulating TH concentrations [68] . Together, these studies demonstrated an important role of TH in the hypothalamus in regulation of BAT thermogenesis and liver lipid metabolism.
T3 in the Anterior Hypothalamic Area Controls Cardiovascular Function
TH status is also linked to cardiovascular function by direct effects of T3 on sino-atrial node firing and by indirect actions via the autonomic nervous system. Thus, hyperthyroid patients often display enhanced cardiac contractility, while hypothyroidism may induce reduced cardiac output and bradycardia [for review, see 69]. However, more recent studies on TH control of cardiovascular function revealed an additional central mechanism originating in the hypothalamus. Mittag et al. [70] reported that mice expressing the mutant TRα1 exhibit a slight decrease in heart rate and a severely impaired cardiovascular response to stress or an environmental temperature challenge. This cardiac dysfunction in TRα1mutant mice was found to be due to an unbalanced sympatho-vagal tone from the brain [70] . Further studies indicated that a previously unknown population of parvalbuminergic neurons in the anterior hypothalamic area may be responsible for this dysregulation of heart function. Stereotaxic ablation of these neurons resulted in hypertension and temperature-dependent tachycardia. Interestingly, electrophysiological recordings indicated that these parvalbuminergic neurons display intrinsic temperature sensitivity while a majority is sensitive to TRH treatment, suggesting an interactive regulation between cardiovascular function and body temperature by TRH [71] .
T3 in the ARC Controls Feeding
Thyrotoxicosis induced an increased food intake accompanied by increased hypothalamic neuropeptide Y mRNA and decreased hypothalamic proopiomelanocortin (POMC) mRNA expression [72] . Mice lacking the T3-inactivating enzyme D3, presumably leading to increased hypothalamic T3 levels, showed increased neuropeptide Y and decreased POMC gene expression [68] . Accordingly, direct T3 administration in the ARC resulted in increased feeding, a mechanism involving upregulation of the hypothalamic mammalian target of rapamycin (mTOR) signaling pathway [73] . Interestingly, TH induced orexigenic effects were linked with thermogenic pathways in the hypothalamus. Other studies showed that fasting increased hypothalamic D2 activity and, Eur Thyroid J 2018;7:279-288 DOI: 10.1159/000493976 thereby, local T3 production. Elevated T3 in ARC appeared to accelerate UCP2-dependent mitochondrial uncoupling in neuropeptide Y/AgRP neurons, leading to consequent rebound feeding following food deprivation [74] . The observation that TH regulates POMC expression in the ARC may be relevant for cold-induced BAT thermogenesis as a recent study showed that cold exposure induces autophagy in hypothalamic POMC neurons, which is necessary to activate lipophagy in BAT and the liver through the sympathetic network favoring coldinduced thermogenesis [75] .
Acute versus Chronic Effects of Intrahypothalamic T3
The recently reported rapid effects of TH in the hypothalamus on energy metabolism prompted us to test this paradigm in a more chronic setting. This seemed relevant as some of the metabolic complications of thyrotoxicosis, including weight loss and bone loss, occur after long-term exposure to TH excess. We therefore aimed to develop a model for intrahypothalamic T3 administration in a more chronic setting to study metabolic effects of longer lasting T3 exposure. We designed an experimental protocol using T3-containing beeswax pellets that showed a stable T3 release (∼5 nmol/L) for 4 weeks in vitro. Bilateral implantation of these T3 pellets locally in the PVN or VMH of rats resulted in selectively increased T3 concentrations either in the PVN or VMH region for 28 days. Increased local T3 concentrations were shown to increase mRNA expression of T3-responsive genes. As expected, after placement of T3-containing pellets in the PVN, plasma T3 and T4 decreased, while there was no change in plasma TH after placement of T3-containing pellets in the VMH. Thus, our model is valid to selectively and chronically deliver T3 to specific hypothalamic nuclei [76] . However, surprisingly, body weight, food intake, and body temperature were not changed after T3 administration in the PVN or VMH for 28 days despite these nuclei-specific changes. In addition, no effects on energy expenditure, locomotor activity, or respiratory exchange rate were present upon 7 days of intrahypothalamic T3 administration. In view of the substantial metabolic effects by acute or chronic T3 injections [66, 67, 77] , our results imply that the effects of intrahypothalamic T3 on metabolism largely depend on the duration or the routes of treatment [78] . In line with our results, others showed that the effects of central TH administration on sleep were not only dose but also time dependent. An intermediate dose, but not a high dose, of T3 in the POA of euthyroid rats changed electro-encephalogram-defined sleep patterns. These central T3 effects on sleep occurred only after acute (h) but not chronic (days) T3 treatment [79, 80] . An overview of the differential effects of acute and chronic intrahypothalamic T3 administration on energy metabolism is given in Figure 2 .
Conclusions
For many decades, TH has been known to be critically involved in key metabolic processes including energy expenditure and heat preservation in response to cold. TH regulates both obligatory thermogenesis by increasing the basal metabolic rate and adaptive thermogenesis by targeting BAT, WAT, skeletal muscle, and skin blood flow. TH also regulates hepatic glucose production, cardiac function, and feeding, which are all key metabolic responses in cold defense. Recent and compelling evidence has shown that some of these effects of TH are mediated in part through the hypothalamus via the autonomic nervous system. In addition to TH, hypothalamic TRH is also an important regulator of liver glucose metabolism, BAT thermogenesis, and other aspects of cold defense. However, differential metabolic effects observed depending on the animal model chosen, the timeframe of the experiments, and the TH administration route challenge us to further explore the central mechanisms involved in these neural effects of TH.
